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Abstract 
New volatile heteroleptic copper(II) complexes having beta-ketoiminate (O,N) and diketonate (O,O) ligands in one 
molecule were tested as precursors for LPCVD of copper films. Saturated vapor pressure was measured and compared for 
new compounds Cu(ki)(hfa) and Cu(dpk)(hfa), where ki = pentane-2-imino-4-onato, hfa = 1,1,1,5,5,5-hexafluoro-pentane-
2,4-dionato, dpk= 2,2,6,6-tetramethyl-3-iminoheptane-5-onato. The precursors are air stable and non hygroscopic 
compounds with long shelf life. It was demonstrated that copper metal films can be selectively deposited on metallic 
surfaces in the presence of hydrogen as a gas-reactant at temperatures of 250, 300, 350 oC and pressure of 20 Torr. 
Si(100), SiO2 (melted quartz), stainless steel, and Cu, Al, RuO2, Ru and Ta sublayers on Si(100) were tested as substrate 
materials. Deposited films were analyzed and characterized by X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD) and scanning electron microscopy (SEM). 
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1. Introduction 
Deposition of copper films has been widely studied especially for microelectronics applications due to its 
low resistivity. Copper films can be deposited by physical methods but MOCVD is intensively studied method 
due to the possibility of achieving conformal films and of selective deposition. The list of copper MOCVD 
precursors is well known among which copper(II) β-diketonate derivatives have been the most widely studied 
[1-3]. The vast majority of the studied volatile copper(II) complexes with β-diketones as precursors refers to 
homoleptic complexes [1-3]. Homoleptic complexes are easier to prepare and their properties like volatility 
and thermal stability are more predictable with regard to the ligand structure. The most common 
representative of this family is Cu(hfa)2, where hfa = 1,1,1,5,5,5-hexafluoro-pentane-2,4-dionato 
(hexafluoroacetylacetonate), which leads to pure copper films in the 250-380 oC temperature range [4, 5]. 
Heteroleptic complexes (i.e. chelates containing different β-diketonate ligands) may promise more flexibility 
in tuning their properties when combining in one molecule, for example, aliphatic ligand, which can give 
higher thermal stability, and fluorinated ligand, which can provide high volatility. However, reports on the use 
of them as copper MOCVD precursors are scarce. On the other hand, for some fluorinated heteroleptic β-
diketonates of copper(II) a reverse conversion into homoleptic complexes was detected on heating [6-8]. 
Perhaps, this fact hampered further attempts to obtain and study volatile heteroleptic copper(II) complexes 
with β-diketonate ligands and their derivatives. Recently, the structure and thermal properties of Cu(ki)(hfa), 
where ki = pentane-2-imino-4-onato (ketoiminate), were reported [8]. This new compound was shown to be 
volatile and stable towards thermal conversion into homoleptic complexes in the gas and condensed phase. 
Thus, these properties allow considering such compounds as promising candidates for MOCVD precursors for 
the preparation of copper-containing films. 
In this paper we report a preliminary study of heteroleptic copper(II) complexes, having beta-ketoiminate 
(O,N) and diketonate (O,O) ligands in one molecule, as precursors for MOCVD copper films. Here we 
compare volatility of new compounds Cu(ki)(hfa) (1) and Cu(dpk)(hfa) (2), where dpk= 2,2,6,6-tetramethyl-3-
iminoheptane-5-onato (Figure 1) and discuss some results on deposition of copper films from the precursor 2. 
In this report we also describe our findings and compare the deposition behavior of the precursor on available 
metallic and non-metallic substrates. First of all, we wanted to represent our idea and experimental data to 
readers who know well the subject and can take our results to the consideration and draw conclusions. 
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Fig. 1. Structural formulas for Cu(ki)(hfa) (1) and Cu(dpk)(hfa) (2). 
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2. Material and methods 
2.1 Preparation 
Compound 2 was synthesized from Cu(hfa)2 and Cu(dpk)2 [9] by the same technique described in [8] for 1 
and purified by vacuum sublimation. Cu(dpk)(hfa) has been identified by mass spectrometry and X-ray  
structural study and these data will be published separately.  
2.2. Vapor pressure measurements 
The saturated vapor pressure for compound 1 has been reported in [8]. The saturated vapor pressure for the 
compound 2 over solid and liquid phases was measured by the flow method in an environment of a dry inert 
gas (helium). We have systematically used this technique to measure the saturated vapor pressure of many 
volatile organometallic complexes [10, 11]. Compounds were purified by double vacuum sublimation before 
measurements.  
The amount of the substance vaporized on the passage of certain helium volume with the following 
condensation in a cold zone was determined by weighing. The total error of this method was less than 5% 
with the accuracy concerning the temperature ± 0.5 oC and the error in the measurement of the flow rate ±2%. 
The measurements were carried out in quasi-equilibrium conditions. The independence of the vapor pressure 
on a helium flow rate was the experimental evidence of this statement and was checked for different helium 
flow rates. The saturated vapor pressure was calculated from the equation: P = Ptotal *n/(n+N), where n is the 
number of moles of the carried compound, N is the number of the moles of the carrier gas, Ptotal is the total 
pressure in the system. 
The calculation is based on the assumption that the substance vaporizes in the monomolecular form. It 
should be noted that the results obtained both on the loss in mass of the substance and the rise in mass of the 
condensed substance in the cold zone practically coincided meaning good thermal stability of the compound 
under long heating. 
2.3 Thin films deposition 
Copper metal films were deposited in a vertical cold walls quartz reactor equipped with gas flow and 
vacuum control units. Hydrogen was used as a gas-carrier with flow rate of 50 sccm. Deposition temperatures 
varied within the range from 200 to 350 oC and total pressures were 0.1, 2 and 20 Torr. Si(100), SiO2 (melted 
quartz), stainless steel and Cu, Al, RuO2, Ru and Ta sublayers on Si(100) were tested as substrate materials. 
Films composition was studied by XRD with a Shimadzu XRD-7000 diffractometer (Bregg-Brentano 
geometry, Cu Kα radiation, Ni – filter, 5 – 60° 2ș range, 5 s per point). XRD with standard scanning mode 
was used to identify predominate phases in the film. Indexing of the diffraction patterns was carried out using 
data for compounds reported in the PDF database (Powder Diffraction File. Alphabetical Index. Inorganic 
Phases, JCPDS, 1983, International Centre for Diffraction Data, Pennsylvania, USA). Films morphology was 
examined by SEM with a JEOL-JSM 6700 F device.  
Investigation of the film chemical composition by X-ray photoelectron spectroscopy (XPS) was conducted 
with SPECS spectrometer. The spectrometer was equipped with a source of characteristic X-ray radiation XR-
50M with double Al/Ag anode, X-ray monochromator FOCUS-500, hemispherical analyzer PHOIBOS-150-
MCD-9. Monochromatic radiation of Al Kα (hν = 1486.74 eV) were used to record the spectra. Sample was 
mounted on a sample holder using double sided conductive adhesive tape. The relative concentrations of the 
elements in the area of the analysis were determined on the basis of the integrated intensities of XPS lines 
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taking into account the photoionization cross sections of the corresponding terms [12]. The calibration of the 
scale of binding energies was done by the line Cu2p3/2 (E = 932.67 eV). The spectra were recorded both 
before and after etching by a focused Ar+ ion beam with energy of 2.4 keV at a current density of ~ 10 
mkȺ/ɫɦ2. These conditions refer to the etching rate of the thin film SiO2/Si of about ~ 0.5 nm/min. 
3. Results and discussion 
3.1 General remarks and comparison of volatility 
In our previous work we introduced new type of copper(II) heteroleptic complexes and reported thermal 
properties of the compound 1 [8]. It was shown that the formation of stable heteroleptic copper(II) complexes 
is possible when the compound molecule contains both ketoiminate and diketonate ligands. The reported 
compound has a molecular structure and can exist in two polymorphic modifications. The Cu(ki)(hfa) 
compound is volatile and thermally stable; it is easily sublimed in vacuum without decomposition into 
homoleptic complexes. The saturated vapor pressure for both polymorphs takes intermediate values between 
those for Cu(ki)2 and Cu(hfa)2. Encouraged by those results we synthesized another new compound of this 
type: Cu(dpk)(hfa). The main advantages of the compound 2 are its low melting point and higher volatility. 
All prepared complexes are air-stable and non hygroscopic substances. These compounds can be 
recrystallized from toluene, sublimated in vacuum or in an inert gas flow without decomposition into 
homoleptic complexes. The temperature dependence of saturated vapor pressure for 2 and Cu(hfa)2 are shown 
in Figure 2 for comparison. Saturated vapor pressure of Cu(dpk)(hfa) was measured over solid and liquid 
phases. It is seen that under sublimation saturated vapor pressure for 2 is close to that one of Cu(hfa)2. 
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Fig. 2. Temperature dependences of saturated vapor pressure for 2 (liquid and solid) in comparison with Cu(hfa)2 [1] (solid). 
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3.2 Copper film deposition 
The growth rate of Cu films at low pressures (0.1 and 2 Torr) appeared to be very slow and consequently 
long deposition times were needed to obtain satisfactory films thickness. So, more details are discussed here 
for Cu films prepared at 20 Torr with deposition time not exceeding 1 h. The slowest growth rate of Cu films 
was observed on Si(100) and quartz substrates. In contrast, selective deposition of metal Cu was visible on 
Cu, Al, RuO2, Ru, Ta sublayers but not on the open Si areas. To prepare Cu films on Si and quartz we used 
substrates with predeposited by PVD Cu layers (~3-6 nm). In this case Cu films were prepared selectively on 
PVD spots and with good growth rate (100-200 nm/h). Figure 3 displays the SEM micrographs of copper 
films deposited on Cu/Si(100) substrates at 250, 300 and 350 oC. It is seen that the film deposited at 250 oC 
consists of randomly distributed grains. At 300 oC these grains grow denser. At 350 oC the coalescence of 
grains increased largely and the film became less porous. As films thickness increased with temperature they 
were deposited in the surface kinetic regime at least below 350 oC. Very similar morphology of the copper 
films was observed on other metallic surfaces (Figure 4). For copper films deposited at 350 oC on Al/Si(100) 
sublayers and stainless steel substrates we noticed yellow interface layer in the places which were less 
exposed to the precursor vapor (where a sample holder touched the substrate). Moreover, all surface of the 
stainless steel substrate became yellow and no free Cu film was visible above deposition temperatures of 250 
and 300 oC. So, for stainless steel and Al/Si(100) substrates we suspect that definite interface alloy formed in 
these cases due to intensive diffusion of Cu into the substrate material at that deposition temperatures. Study 
of such interfaces will be a subject of the separate work. Figure 5 shows the XRD pattern of copper film 
prepared on Al/Si(100) substrate. The scanning mode used did not allow detecting reflections for copper 
alloys, although peaks for main phases were wide and shifted. 
Cu films prepared on Ru/Si(100) substrates had the same appearance and morphology as that ones on other 
metallic sublayers, but films prepared on RuO2/Si(100) substrates have quite special morphology. The 
microstructure of the coating on initially RuO2 sublayer is illustrated by SEM micrograph of Figure 6. The 
copper film deposited at 350 oC is not compact and very porous in this case. It is well seen that islands of 
fused copper grains are evenly distributed over the surface of fine-grained material which is a metallic 
ruthenium resulted from its oxide reduction in hydrogen atmosphere. Copper grains also formed in the pores 
on free Si surfaces. The formation of pores in the film can be explained by the release of water vapor from the 
film under the deposition conditions. 
3.3 XPS study of films composition 
XPS data of copper film prepared at 350 oC on all substrate have shown that given films include Cu, C and 
O. Carbon and oxygen are mainly localized on the surface, and their concentration decreases sharply after 2 
minutes of the ion etching. For example for the film prepared on Al/Si(100) substrate, Al was detected at the 
interface film/substrate after 20 minute ion etching. Because of low ionization cross section the intensity of 
Si2p and Si2s lines did not allow analyzing the state of silicon. The relative atomic concentrations of Cu, C, O 
and Al are shown in Table I. After 20 minutes of the ion etching at the interface area the shape of the 
spectrum Cu2p and the value of the Auger parameter Į of 1851.4 eV correspond to the metallic state of 
copper. The position of the Al2p line is 73.0 eV, indicating aluminum in the metallic state. For comparison, 
aluminum in Al2O3 is characterized by the value of the binding energy in the region of 74.2-74.6 eV [22-24]. 
Regardless of the fact that Al and Cu were in the metallic state after 20 minutes etching, O1s line intensity 
indicated high oxygen concentration in the analyzed zone: the atomic ratio [O]/[Cu] = 0.9, [O]/[Al]= 1.8. This 
fact can be explained by the presence of SiO2 covering silicon substrate under Al sublayer. This is confirmed 
by the high value of the binding energy of the O1s, equal to 532.4 eV. 
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Fig. 3. Plain-view SEM images of copper film 
deposited on Cu/Si substrates a) at 250 oC; b) at 
300 oC; c) at 350 oC. 
 
 
Fig. 4. Plain-view SEM images of copper film 
deposited at 350 oC on a) stainless steel substrate; 
b) Ta/Si substrate; c) Al/Si substrate. 
a)
b) 
c)
a)
b) 
c)
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For comparison, the binding energy for O1s line in Al2O3 is 531.0-531.2 eV and in SiO2 it is 533 eV [22-
24]. For all studied films no signal of fluorine was detected. 
 
 
Table I. Results of XPS study of the copper film prepared at 350 oC on Al/Si substrate. 
Concentration, At. % 
Etching time, min [Si]/[Cu] [C]/[Cu] [O]/[Cu] 
Cu C O 
0 min 0 2.3 2.0 19 44 37 
2 min 0 0.068 0.056 89 6 5 
5 min 0 0.050 0.044 91.4 4.0 4.6 
8 min 0 0.039 0.059 91.2 3.5 5.3 
20 min 0 0.043 0.88 [Al]/[Cu] = 0.48 
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Fig. 5. Diffraction pattern of Cu film deposited on Al sublayer at 350 oC. Peaks of Al and Cu are labeled. All other peaks refer to the Si 
substrate. 
 
 
 
 V.V. Krisyuk et al. /  Physics Procedia  46 ( 2013 )  174 – 182 181
 
 
Fig. 6. Plain-view SEM images of copper film deposited on RuO2/Si substrate substrates at 350oC. 
 
4. Conclusion 
At this stage, we can conclude that the deposition of copper films at a sufficient rate occurs from 
Cu(dpk)(hfa) precursor on the metal surfaces in the presence of hydrogen. Thus, we may assume that the main 
chemical reaction, producing copper metal, in this case is the reduction reaction of the precursor molecules by 
hydrogen which is well adsorbed on the metal surfaces. This reaction plays a key role at the initial stage of the 
film growth while further growth of the film occurs already on a copper surface. Our results demonstrated that 
this type of heteroleptic complexes can be used as promising precursors to prepare CVD copper-containing 
films. The precursor Cu(dpk)(hfa) is air and moisture stable. Low melting point of this compound may 
provide using it in a bubbler or other liquid-precursor delivery systems but additional tests of thermal stability 
of the liquid phase are of legitimate interest. This precursor seems to be good alternative for Cu(hfa)2 and 
many other copper(II) precursors. 
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